BACKGROUND: Due to a shortage of studies focusing on older adults, clinicians and policy makers frequently rely on clinical trials of the general population to provide supportive evidence for treating complex, older patients. OBJECTIVES: To examine the inclusion and analysis of complex, older adults in randomized controlled trials. REVIEW METHODS: A PubMed search identified phase III or IV randomized controlled trials published in 2007 in JAMA, NEJM, Lancet, Circulation, and BMJ. Therapeutic interventions that assessed major morbidity or mortality in adults were included. For each study, age eligibility, average age of study population, primary and secondary outcomes, exclusion criteria, and the frequency, characteristics, and methodology of age-specific subgroup analyses were reviewed. RESULTS: Of the 109 clinical trials reviewed in full, 22 (20.2%) excluded patients above a specified age. Almost half (45.6%) of the remaining trials excluded individuals using criteria that could disproportionately impact older adults. Only one in four trials (26.6%) examined outcomes that are considered highly relevant to older adults, such as health status or quality of life. Of the 42 (38.5%) trials that performed an age-specific subgroup analysis, fewer than half examined potential confounders of differential treatment effects by age, such as comorbidities or risk of primary outcome. Trials with age-specific subgroup analyses were more likely than those without to be multicenter trials (97.6% vs. 79.1%, p<0.01) and funded by industry (83.3% vs. 62.7%, p<0.05). Differential benefit by age was found in seven trials (16.7%). CONCLUSION: Clinical trial evidence guiding treatment of complex, older adults could be improved by eliminating upper age limits for study inclusion, by reducing the use of eligibility criteria that disproportionately affect multimorbid older patients, by evaluating outcomes that are highly relevant to older individuals, and by encouraging adherence to recommended analytic methods for evaluating differential treatment effects by age.
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BACKGROUND
The aging of the United States population has created a pressing need for evidence to guide clinical practice for older adults, especially those with multiple comorbidities or functional impairment. Although older individuals account for the major share of health care utilization and expenditures, 1,2 a review of high-profile journals in 2004 found that only 5% of studies focused on older adults. 3 Unfortunately, funding remains inadequate to sufficiently expand geriatrics research. 4 Clinicians and policy makers who make treatment decisions about older patients therefore often rely on evidence from randomized controlled trials (RCTs) conducted primarily among middle-aged adults. While extrapolating these findings to relatively healthy older adults is appropriate in many circumstances, extrapolating these findings to individuals with complex multimorbidities or cognitive or functional impairment can be hazardous. 5, 6 One of the challenges in treating older patients is their heterogeneity in multiple domains, including overall health and functional status, severity of individual disease states, need for assistance with daily living, and presence of geriatric syndromes such as impaired cognition or incontinence. These characteristics can affect both the efficacy and risks of a particular intervention, and also the ability of a patient to implement a treatment or successfully complete self-management tasks. As a result, clinical trials have historically excluded individuals over a certain age, or excluded individuals who are frail or have a high morbidity burden. The consequence of this, however, is that subjects enrolled in clinical trials, even those in the oldest cohort, often do not represent older patients in the general population. 7 This phenomenon has been demonstrated in a variety of disease states, including cancer, [8] [9] [10] acute coronary syndrome, 11 chronic kidney disease, 12 cardiovascular disease risk in diabetes, 13 congestive heart failure, 14 and substance abuse.
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In recognition of the need for evidence pertinent to older adults, the Food and Drug Administration (FDA) and the Agency for Healthcare Research and Quality (AHRQ) have actively promoted clinical trial practices that yield more useful information for treating older individuals. 16, 17 Clinical researchers, in turn, are increasingly conducting analyses to examine whether differential treatment effects are present in older trial participants. These age-specific subgroup analyses occasionally lead researchers to conclude that a treatment is more or less efficacious in older adults than in their younger counterparts. In some circumstances the results of these analyses have rectified the under-use of treatment in older patients. 18 To date, however, there has been no systematic evaluation of age-specific subgroup analyses and their contribution to our evidence base for treating older adults. We sought to examine the inclusion and analysis of complex, older patients in clinical trials. We conducted a systematic review 19 of RCTs in five high-profile journals in 2007 to assess the representation and analysis of older adults in major clinical research. Our objective was to better understand current practices and to provide recommendations for policy makers and researchers conducting clinical trials.
REVIEW METHODS
We conducted a PubMed search in 2008 using the terms "Clinical Trial," "RCT," "Phase III," and "Phase IV" to extract all relevant articles published in 2007 in five journals (Lancet, JAMA, NEJM, Circulation, and BMJ). These journals were selected based on their high impact factors and their tendency to publish studies of disease processes that are managed by general internists (hence the inclusion of Circulation but not other high-profile subspecialty journals). A medical librarian validated the search strategy.
Inclusion and Exclusion Criteria
We included all phase III and phase IV RCTs of treatment strategies for which the primary outcome included major morbidity or mortality. We defined major morbidity as conditions that increase the risk of mortality or that result in substantive reduction in quality of life (e.g., hospitalization, a major procedure, chronic pain, depression or other serious mental health condition). Outcome data were reviewed for inclusion criteria by two authors (DZ, JS) who were blinded to article identifiers. Discrepancies were resolved by consensus with a third author (RH). Trials were excluded if they focused exclusively on children or young adults, or if the randomization unit was something other than individual patients (Fig. 1 ).
Data Abstraction
We constructed an abstraction document using an iterative revision process in which two reviewers (DZ, JS) compared Discrepancies in abstracted information were resolved by consensus between two reviewers, or when two or more discrepancies occurred (n=5, 4.6%), by discussion with a third reviewer (JS, XC, or RH). Results from multiple trials presented in a single article were combined when appropriate (for example by reporting the average age from both trials). If a methodology article was cited (n =40, 36.7%), this article served as a secondary source when information was not available in the primary article. The ClinicalTrials.gov website was utilized to abstract information about eligibility criteria that was not otherwise available (n=1, 0.9%).
One author (DZ) abstracted additional information from the subset of articles that reported performing subgroup analyses. These abstractions were validated by a 15% audit by a separate reviewer (JS) (kappa = 0.72-1.00), and questions were resolved by discussion among three authors (DZ, JS, RH). We defined a subgroup analysis as a statistical analysis evaluating treatment differences for a specific endpoint among different levels of one baseline factor. 20 We recorded the number of subgroup analyses reported and examined whether established guidelines for subgroup analyses were followed, 21, 22 such as whether it was clear that each subgroup analysis was prespecified or post hoc, whether interaction tests were used to assess heterogeneity of treatment effect, and whether results were described as being exploratory or influenced by power or multiple comparisons. We also recorded whether subgroup analyses were conducted using the study's primary outcome, whether results were reported in a way that facilitates future performance of meta-analyses, and whether significant heterogeneity was reported. For studies that conducted an age-specific subgroup analysis, we assessed whether age was analyzed as a dichotomous, categorical, or continuous variable, whether age cutoffs (if present) were prespecified, and whether additional subgroup analyses were performed to evaluate potential confounders (comorbidities, health status, or overall risk of outcome). Finally, we searched for any articles published between January of 2007 and June of 2010 that described agespecific subgroup analyses not included in the primary articles. For all trials registered with ClinicalTrials.org or the International Standard Randomised Controlled Trial Number Register, we reviewed abstracts of papers published after the primary article. Four reports of age-specific subgroup analyses were identified, only one of which included results not captured in our review of primary articles. These results are not discussed here as they are beyond the scope of our review, but details are available upon request.
Data Analysis
We calculated the proportion of trials with an upper age limit for inclusion in the study, the proportion with eligibility criteria that might disproportionately exclude older adults, and the proportion that examined a measure of health status, physical function, or quality of life as an outcome. We also calculated the proportion of trials that reported conducting a subgroup analysis and an age-specific subgroup analysis. We used Pearson's chi-squared test to compare characteristics of trials that did and did not perform an age-specific subgroup analysis. All analyses were performed using Stata 11.0 (StataCorp, College Station, TX).
RESULTS
A total of 109 articles met our eligibility criteria and were reviewed in full (Fig. 1 , Table 1 ). The articles covered a range of subspecialties, with cardiovascular (40.4%) and oncologic (20.2%) conditions being most common. The majority of trials (88.1%) enrolled both men and women. There were 74 (67.9%) trials that evaluated a drug, and 23 (21.1%) trials that 
Representation of Older Adults and Relevant Outcomes in RCTs
The mean reported average age in all trials was 61 (SD±9.2) years. The age range (full or interquartile) of the study population was reported in only 44 (40%) articles. There were 22 (20.2%) trials that reported excluding individuals over a specific age (Table 2 ). An additional 50 (45.6%) trials did not have an upper age limit, but did have eligibility criteria that would be expected to disproportionately exclude older adults. The most common of these criteria were decreased life expectancy (n=24, 22.0%), physical disability or functional limitations (n =20, 18.4%), and inability to give informed consent (n=12, 11.0%). Examples of other eligibility criteria that were identified as potentially leading to disproportionate exclusion of complex older adults are listed in Table 2 . Approximately one in four trials (n=29, 26.6%) examined one or more outcomes that evaluated health status, physical function, or quality of life.
Frequency and Quality of Age-Specific Subgroup Analyses
Of the 69 trials reporting a subgroup analysis, roughly 60% (n= 42) performed an age-specific subgroup analysis. Compared to trials with no age-specific subgroup analyses, trials that reported such an analysis were more likely to be evaluating a drug treatment (83.3% vs. 58.2%, p<0.01) and to be funded by industry (83.3% vs. 62.7%, p<0.05) and were significantly more likely to be large, multicenter, international trials ( Table 3 ). Trials that examined age as a subgroup also tended to perform a large number of subgroup analyses, with 35 (83.3%) conducting more than 6 subgroup analyses (Table 4) . Among the 42 trials with age-specific subgroup analyses, age was analyzed as a continuous risk factor in only three studies (Table 4 ). More commonly, age was analyzed as either a dichotomous variable (n=22; 52.4%) or a categorical variable (n=14; 33.3%), with age groups clearly prespecified in only three instances. Most of these analyses utilized the appropriate interaction test to assess treatment effect heterogeneity by age (n=32, 91.4%) and examined the primary outcome for which the trial was powered (n=39, 92.9%). Few, however, described the analyses as exploratory (n=17, 40.5%) or underpowered (n=15, 35.7%). Trials that examined age as a subgroup did not regularly conduct additional analyses to explore potential confounders, such as comorbidities (n=19; 45.2%), health status (n=8; 19.1%), or overall risk of primary outcome (n=17; 40.5%).
Positive and Negative Subgroup Findings by Age
Among the 42 articles with age-specific subgroup analyses, 7 (16.7%) reported a statistically significant result, suggesting heterogeneity in treatment effect by age (Online Appendix  Table) . Of these seven trials, three performed additional subgroup analyses based on health status, three performed analyses based on comorbidities, and five performed analyses based on risk of the primary outcome. Only four of the articles described their subgroup analyses as exploratory, and only one article discussed the issue of multiple comparisons. Heterogeneity was examined using the appropriate interaction test in six of seven trials, and in one trial the analytic technique was not clear. Of the 35 trials that conducted an age-specific subgroup analysis and found no significant differential treatment effect by age, only 13 (37.1%) mentioned that the trial's subgroup analyses were exploratory, and only 12 (34.3%) discussed the issue of the analyses being underpowered.
DISCUSSION
Our investigation of phase III and IV RCTs published in high impact journals reveals several practices that may limit the relevance of study findings to older individuals. First, approximately 20% of clinical trials exclude older adults from participation based on age criteria alone, and nearly half of the remaining trials employ non-age-based eligibility criteria that could disproportionately exclude older adults with complex health status. Second, trials rarely assess highly agerelevant outcomes such as functional status and quality of life. Third, subgroup analyses that examine treatment effects by age do not routinely utilize rigorous methodology. These common practices should be addressed in order to expand and strengthen the evidence guiding policy and treatment decisions for complex, older patients.
Our review of trial age limits provides an update to a previous assessment of RCTs between 1994 and 2006 that found that 39% of trials excluded adults over the age of 65. 23 While it is encouraging that trials have reduced their use of explicit upper age limits, eligibility criteria that could disproportionately exclude older individuals, such as functional limitations, cognitive impairment, and clinician discretion, remain pervasive. These exclusion criteria likely contribute to the under-representation of complex, older (and often typical) patients in large clinical trials. Trials that exclude these patients may be less likely to evaluate outcomes and side effect profiles that are clinically meaningful to older adults. In fact, we found that only one in four trials examined at least one outcome that was a measure of health status, physical function, or quality of life. While budget or resource limitations, or aims to establish efficacy, may be cited as a reason to exclude individuals in poor health or those with functional limitations, studies of interventions that are likely to be extended to patients with these characteristics should attempt to include representative individuals. Likewise, if a condition is prevalent in older individuals, or if there is a physiological reason to suspect that an intervention's effects may differ by age, then it is especially important to recruit older adults.
To our knowledge, this study is the first detailed examination of age-specific subgroup analyses. When performed appropriately, subgroup analyses can provide important information about heterogeneity of treatment effect related to baseline risk or physiology. 21 Previous evaluations of subgroup analyses, however, have suggested that they frequently utilize *All of these trials reported that subgroup analyses revealed heterogeneity of treatment effect by age, meaning that the effectiveness of treatment varied by age. In four trials, a treatment appeared to benefit the overall population, but subgroup analyses revealed that older adults did not benefit in terms of: (a) the primary outcome overall survival, (b) the primary outcome progression-free survival, (c) the secondary outcome recurrence, or (d) in terms of net benefit as assessed in a post hoc secondary safety analysis. In two trials, overall results were negative, but subgroup analyses revealed that older adults either benefitted in terms of all-cause mortality, or had worse outcomes in terms of the secondary endpoints of death, myocardial infarction, or stroke. Finally, in one trial, the overall population benefitted from a treatment in the astreated analysis (but not the intention-to-treat analysis), and younger patients appeared to benefit more from a treatment at early but not later time points. Additional details about these seven trials can be found in the supplementary online appendix † Refers to quality of all reported subgroup analyses (not just those examining age) 20, 31, 32 Our review suggests that many of these missteps continue to occur in agespecific subgroup analyses. For example, fewer than half (n= 30, 43.5%) of the reviewed studies reported that subgroups were prespecified. In addition, age was usually analyzed as a dichotomous or categorical variable (n=36, 85.7%), a strategy that is sometimes used to simplify the reporting of results, but one that reduces the power available to detect a treatment effect. 31, 33 We also found that researchers' confidence in the reliability of their age-specific subgroup analyses was often overstated, with few mentioning that study findings were exploratory or underpowered. In several instances, non-significant results were used to claim that a treatment effect was consistent across age groups, without acknowledging a lack of power to detect clinically significant differential age effects. At the same time, few of the studies claiming statistically significant heterogeneity by age fully explored potential confounding reasons for heterogeneity (such as more comorbidities or poorer health status, on average, in older subjects). While the implications of these methodological problems will vary based on the circumstances of each trial, such errors can promote misinterpretation of evidence. For example, a clinician may conclude that a treatment is safe in complex older patients, not realizing that the trial was underpowered to detect differential effects by age or that the study did not examine potential confounders. Alternatively, a clinician may think that older adults receive less benefit when the actual mechanism is comorbidity severity or poor health status, resulting in undertreatment of robust elderly patients and over-treatment of sicker younger patients.
Recent changes in FDA and funding agency guidelines reflect a growing awareness of the need for better evidence to guide treatment decisions for older individuals. At the same time, there is great interest in comparative effectiveness research, which aims to identify effective treatment strategies to inform health policy and more personalized medicine. This research is unlikely to improve quality of care in a costeffective manner, however, if our most complex, expensive patients are not adequately represented. Researchers are now encouraged to report clinical trial data by age and to identify differences in safety or effectiveness associated with age. 16, 17 These guidelines could be strengthened further by requesting that trials report how well their study sample represents the population of interest, and by encouraging clinical justification for upper age limits and eligibility criteria that might dispro-
Text Box. Recommendations for Representation and Analysis of Older Adults in Clinical Trials

Representation of older adults in clinical trials
-Trials studying conditions relevant to older adults should not restrict participation based on age.
-Eligibility criteria that may disproportionately exclude older adults should be minimized, and should be justified when used. Examples of such criteria include functional limitations, cognitive impairment, and comorbidities (unless they specifically interfere with study participation or are contraindications to receiving treatment).
-Trials studying interventions that are applicable to older adults should consider examining outcomes that are highly relevant to this patient population, including quality of life, health status, and physical function.
-Surveillance for trial-related adverse effects should be expanded to include conditions of special concern to older and frail individuals, such as polypharmacy, incontinence, and fall risk.
-Study recruitment and enrollment procedures should decrease participation burden whenever possible so as to enable involvement of individuals with high levels of frailty and morbidity.
-Characteristics of older trial participants should be described in a transparent fashion (including mean age and distribution, health status, and presence of comorbidities) to facilitate the performance of meta-analyses and to inform clinicians whether trial results are relevant for their individual patients.
Performance of age-specific subgroup analyses
-Age-specific subgroup analyses should be conducted when there is a prespecified hypothesis that a differential treatment effect may be present in older adults.
-Trials intending to definitively examine age-specific treatment heterogeneity should be designed with adequate power to detect this effect.
-In most cases, age should be analyzed as a continuous variable in order to maximize power. The exception to this is when there is a prespecified threshold above which a differential age effect is hypothesized to be present.
-Subgroup analyses should utilize an interaction test to evaluate heterogeneity by age.
-When age is one of multiple baseline characteristics evaluated in subgroup analyses, results should be adjusted to account for multiple comparisons and reduce the likelihood of false positive results.
-If a differential treatment effect is found for older adults, additional exploratory analyses should be performed to determine whether this effect can be attributed to other characteristics, such as health status, comorbidities, or overall risk of the outcome.
-Given that studies will often be underpowered to find age-related heterogeneity, results should be reported such that meta-analyses can be easily performed in the future (i.e., subgroup size, hazard ratio, and confidence interval should be reported).
-All conclusions derived from age-specific subgroup analyses should be described as exploratory, underpowered, and subject to false positive results due to multiple comparisons, when appropriate.
portionately affect older individuals. In addition, these guidelines could serve as a reminder that any age-specific subgroup analysis should be adequately powered and specified a priori in order to be considered a reliable finding of the study. There are also a number of steps that research investigators can take in order to increase the relevance of study results for older patients in the general population (Text Box). For example, to the degree that it is clinically and economically feasible, studies should include multimorbid individuals of all ages reflective of the general population. Whenever possible, trial participants should also be monitored for outcomes that have greater relevance to older individuals, including quality of life, health status, and physical function, as well as side effects of special concern to these older patients, such as the exacerbation of geriatric conditions like incontinence, dementia, falls, and adverse polypharmacy effects.
In addition, we propose several guidelines for research investigators that we believe will improve the quality of agespecific subgroup analyses (Text Box). These guidelines expand on previous subgroup analysis recommendations by CONSORT and others, 21, 22, 34, 35 while incorporating additional principles that are especially relevant to age-specific analyses.
For example, we recommend that investigators who hypothesize that an age-related heterogeneous treatment response may occur attempt to adequately power their study to detect this effect. If the study is underpowered to find this effect, nonsignificant subgroup analysis results should not be interpreted as evidence that treatment effects are consistent across age groups. A useful strategy is to optimize power by analyzing age as a continuous variable 33 (unless another functional form is hypothesized), and then to report results for different age categories for the sake of clarity. We also recommend that any differential treatment effect found in older adults be explored to determine whether this finding may be attributed to potential confounders, such as health status or comorbidities. Subgroup analyses that examine heterogeneity by overall risk (as determined by a multivariable risk prediction tool) may be especially powerful at assessing risks and benefits for older individuals with multiple comorbidities and will generally be far more effective than age alone at identifying how treatment effects differ for such individuals. 35, 36 Findings from this systematic review may be limited by several factors. First, we selected journals for review based on their impact factor, their relevance for a general medicine audience, and their likelihood of publishing trials investigating major morbidity or mortality as an outcome. Circulation was included because it is a high-impact journal that frequently publishes RCTs that inform treatment standards in primary care (i.e., prevention and treatment of coronary artery disease, hypertension, heart failure, and stroke). To ensure that our results were not significantly biased by the inclusion of one subspecialty journal, we repeated our main analyses after excluding studies published in Circulation. Our primary findings did not change substantially for any of our major findings. In general, however, our results should not be generalized to trials published in most subspecialty journals.
There are also potential limitations to our proposed recommendations. Including complex, older individuals in clinical trials is not without challenges. There are likely to be costs associated with expanding trial eligibility, and with monitoring for age-relevant outcomes and side effects. In addition, certain comorbidities, functional or cognitive limitations, and social circumstances may be contraindications to treatment in some instances. Some of these conditions may also represent significant barriers to trial participation and increase drop-out or non-adherence, especially when a trial requires multiple clinic visits or substantial changes to a person's daily routine. In certain instances, these barriers may be overcome by reducing trial participation burden, but we also recognize that it will not always be practical or feasible to expand trial eligibility or track all relevant outcomes and side effects.
Nevertheless, failing to adapt study design and analysis practices to meet the needs of our increasingly complex aging population will perpetuate the current shortage of information guiding clinical care for these patients. Our findings suggest opportunities for the FDA, funding agencies, and research investigators to improve the current evidence by increasing the representation of these individuals in clinical studies, and by adhering to appropriate analytic techniques when examining age-related heterogeneity. These measures will enhance our understanding of treatment effects in older patients and will improve the quality of evidence that informs guideline development at the policy level and treatment decisions for individual patients.
Contributors:
The authors would like to thank Gupreet K. Rana, Clinical Education Librarian at the University of Michigan Taubman Medical Library, for her assistance with the literature search for this manuscript. 
